Recent success in synthesizing two-dimensional borophene on silver substrate attracts strong interest in exploring its possible extraordinary physical properties.
Since the successful synthesis of single-layer hexagonal boron-nitride (h-BN) [1, 2] , the community of two-dimensional materials has been curious about the possibility of making monolayer borophene [3] [4] [5] . Boron has similar valence orbitals residing in the left side of carbon in the periodic table, it has the potential to form new 2-D structure to extend the nanostructured materials [6] [7] [8] .
Nevertheless, two dimensional boron cannot form stable honeycomb hexagonal structure [3] like graphene. [9] [10] [11] Triangular boron lattices with hexagonal vacancies [7] were predicted to be stable. Liu et al showed the growth mechanism and hole formation from boron cluster to 2-D boron sheet on Cu (1 1 1) surface by first-principles calculations. Now B36 with a central hexagonal hole has been seen in experiments. [9] A more flexible structure for borophene, such as B35 cluster with a double-hexagonal vacancy [12] and B30 [13] , are also proposed by DFT calculations. Until very recently, monolayer borophene on silver substrate has been observed by scanning tunneling spectroscopy (STS). [14] It is of great interests to examine the physical properties that might be originated from its two-dimensional nature and to see such two-dimensional structure can be free-standing with mechanical stability. Typically, a buckled status of monolayers could endure more stretch from the macroscopic point of view. [15] In this work, we perform a systematic investigation on the mechanical properties of borophene, including the Young's modulus, the Poisson ratio, the strength, and the phonon dispersions of the strained borophene monolayers.
First principles density functional theory (DFT) calculations on borophene were performed with the Vienna Ab initio Simulation Package (VASP) code [16, 17] The projector augmented wave (PAW) pseudopotentials [18, 19] and the generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) functional [20, 21] Figure 1a is the equilibrium lattice constants obtained by DFT calculations, which matches well with the experimental measurement of 5.10 Å by 2.9 Å. [14] When calculating the equivalent stress of borophene, we assume an interlayer distance c=4.8Å . We first show the engineering stress versus engineering strain curves for the samples subjected to uniaxial tension in the transverse and longitudinal directions (Figure 1b) . Similar to the mechanical properties of h-BN [26] , we find that the strength and the failure strain in borophene are strongly anisotropic. During tension in the transverse direction, the material shows higher strength and greater failure strain. There exist two stress peaks in the stress-strain curves compared with that in the longitudinal direction, the first occurs at strain of 10% and the second appears at a strain of 45%. From Fig. 1c , we see that the layer height decreases with the increasing strain and the structure eventually flattens out with h = 0. Interestingly, the transverse stress increases again when the sample is fully flattened (at 18% strain); under tension in longitudinal direction, the samples fails at strain of 27%. As a comparison, we also explore the stress-strain response of borophene under biaxial tension as shown in Figure 3a . A unique mechanic response is observed during the biaxial stretching. A sudden stress drop occurs at 12 % strain in the two stress-strain response curves, which is due to the flattening of the borophene from the buckled structure to the planar structure.
This structure transition, however, happens gradually as we apply uniaxial stretch along the x direction. After the sudden stress drop, the stress increases again and the second peak appears. We relax the structures for strains within 18%±8% by assigning a small perturbation. Structures with strain larger than 17% will evolve to a disorder state. It indicates that the maximum biaxial strain is 17%; beyond this point, the structure is not stable from the total energy point of view. 2,1) ) strain of 5%, 10% and 20%, respectively. (e) to (f) The Phonon dispersion at the x-axis (a= (1,0) )strain of 5% and 10%, in turn.
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To further examine the stability of stretched borophene, we calculate the phonon dispersions of the strained borophene monolayers using the finite displacement method [23, 24] , implemented in the Phonopy [25] package.
Small displacements (<0.06 Å) are first imposed on the inequivalent B atoms in a 2x4x1 supercell. With the perturbed structures, DFT calculations are then conducted to extract the interatomic forces as a response to the corresponding displacement. Phonon dispersions are calculated by Phonopy package [25] based on the relationship between interatomic forces and atomic displacements.
To make sure that the negative frequencies of ZA mode are not caused by the selection of k-mesh density [30] , we performed various calculations based on kmesh sizes of 4x4x1, 12x12x1 and 16x16x1. Figure 4 shows the phonon dispersions of the strained monolayer borophene generated using a k-mesh density of 16x16x1. We have applied both isotropic biaxial strains and uniaxial strains along x and y axes For the phonon dispersion of the initial unstrained structure (Figure 4a ), negative frequencies are observed in the out-of-plane acoustic mode (ZA mode) near Brillouin zone centre along − and − directions. Negative frequencies mean that the force constants of these vibration modes are negative, therefore restoring forces cannot be generated for these modes. The structure tends to go away from its original configuration. For small strains (5%) applied (Figure 4b , e and g), the negative frequency of the ZA branch in − direction is eliminated, but is still present in − direction. For larger strains applied (Figure 4c, d, f and h) , the in-plane transverse (TA) modes are also destabilized.
We therefore conclude that the freestanding borophene is mechanically unstable even with strains, and the stability of synthesized borophene is provided by the out-of-plane constraints from the silver substrates.
In summary, we investigated several critical mechanical properties of monolayer and bilayer borophene by using first-principles DFT calculations. We find that the failure behavior, Young's modulus and the Poisson's ratio of borophene are highly anisotropic: Poisson's ratio is negative in tension along transverse direction. Furthermore, when stretching along z-direction in bilayer borophene, the strength and failure strain are much higher than that of bilayer graphene. In addition, we investigated the mechanics of monolayer borophene under biaxial tension and we found that biaxial tension increases the strength in longitudinal direction and decreases the failure strain in transverse direction.
Calculations for phonon dispersion suggest that the instability of out-of-plane modes are present for free-standing borophene under high level tensile stress.
Our phonon dispersion calculations suggest that the stability of synthesized borophene might be provided by constraints of the out-of-plane vibrations from the silver substrates..
